APR- 12-2004 09:13 FROM : L . KHODOR 440 248 6011 



TO: 17038729306 



P:2 



/Kypna/J TexmwecKOM cpt43MKM r 2000, tom 70 t Bbin. 2 



05,09; 12 

YBenMHeHMe MyecTBHTenbHocTi/i cneicrpoMeTpa sneKTpoHHoro 
napaMamwTHoro pe30HaHca c noMOu^bio cemeToajieicrpi/iHecKoro 
pe30HaTopa 



M.H. feficpMaH, 1 M.C. ronoBvma? E.P. 3ycManoB t x B.i/I. KocpMan 2 

1 MHCTi/rryT (pmmvi no/iynpoeoflHWKOB AH yKpavtHW. 
252650 KneB, YnpauHa 

2 CeBepoaana/iHbift y h w b epcwreT. 3BaKcroH, CLUA 

(flocrynwro b PejjaKijMto 26 asrycra 1998 r. B oKotwaranbHO peflaKiim 8 cpeepasm 7999 n) 

Win yocjiH^cHMH HyBCTDHTc/ibHocTii panMocncKTpoMeTpon 3flP npejuioxccHO Mcnojib30BaTb ccrHeroancKTpuMo 
CKHii MHTcpHaji ii KaHccrDc uoi lOJiHMTCJibHoro peacHa-ropa. Meroii onpoGouaH Ha pauHOcneinpoMeTpe 3I1P P3-I307 
h ita MMnyiibCHOM paaMocnocTpOMerpe. PaccMorpeHbi bo3mojkhoctm yee/MHeHHR coothouichh* cnrHa/i/iiiyM ;uih 
cci^cro3.ncKTpH l iecKoro pc30Haropa npHMoyPOJibHoii h «J>cphhcckoh t|)opM. npH Hcno_nb30DaHHH np«MOyrxxnbnoro 
ccmcToancKTpHHecrcoro pe3onaT0pa m TaHTJuiara Karma nocTHrHyro yoerwMeHHe coothoiuchhh cMrna/i/iuyM 
n 16 p«3 np« 331 K h b 10 paa npH 292 K. B HMnynbCHOM 3KcncpHMCHTC npHcyTCTBHe ce™ero3JieKTpH4ecKoro 
pcsoHaTopa no3uann.no yMeHbuiHTb GBM mouihoctu, HeooxOflHMyto una Hacbimeiina o6paaua, b 50 pa3 npH 50 JC 



Mctoa sjicKTpOHiioro napaMarHHTHoro peaonaHca (3ITP) 

HIHpOKO MCnOJlb3yCTC« B (J)M3HKC, xhmmh, mc/ihuhhc, 6mo- 

jiophh h o npyrux o6jiacmx shshkm. Ha HanajibHOM arane 
pa^nHTHH 3Toro McroAa nconeAODaTWH npOBQOH/iHCb ruaB- 
iimm oOpa-joM na cncuMa/ibHO npHroTOB/icHHbix o6pa3iiax, 
b KOTopwc b KawecTBe napaMarHHTHoro 30HAa BBQawracb 
npuMccb. B Hacronuicc bdcmh mctoaom 3 IIP KCCJiCflyiOT- 
ch ccrcci BCHHbie (ncjicrnpoBauHHe) oG^eicTbi, b Koropwx 
KOHUCHTpauHH napaMarHHTHbix uchtdob Macro oica3biBaeTCff 
HQiocTcrronifOH aaa HaGjiioflCHHJi cnniajia 3nP. TTo3to- 

Niy I ICCJTCJJOBaTCJlHMH npCAnpWHHMaiOTCH TIOnblTKH yaejiH- 

HHTt MycrBMTiejibHocTb paAHOcneicrpoitfCTpa. OflHHM H3 npo- 
cTciiiuiix chocooob yBCJiHHCHHH coothouichkh CHnjaji/myM 

J1BJ1HCTCH BBCJDtCHHC B pC30HaTOp ftH3JlCKTpHHCCKOrO Ma- 

Tcpnajia. TaK, n [lj Hcnojib30Bajiacb KBapueuaH ruiacTH- 
na, Pa3MCJiie>rHe o6pa3ua b6jth3h nnacTHHM npiiBozmno k 
yucjiHHcnuio coothouichha CHTHaji/rnyM b 4.5 pa3a. Taicace 

6W/IH HCnOJlb30BaHbI CemeT03JieKTpHMCCKHC pC30HaTOpbI H3 

TiOi [2,3] h SrTiOj [4J, oAHaxo hx <|>opMa «e no3BOJiana 
HCCjrenoBaTb 3flP Apynix MaTepHanoB. 

flcrajibHoc iiccjicyiOBaHHc nmniavi ah3jicktph hcc ko ii 
*/Kii;iKOcni Ha 3HP, KaK HenpepbiDHbcft (CW), raK h mm- 
nynbciiMH, npoBcucHO b [5]. ycraHOBJiCHO, hto cwrHaji 
nponopuHOHa/iCH KBaflpaTy h anpjDKCHHOC th CBH hojih Ha 
o6pa juc, ccjih H3MencHHe CBH noura CBasaHO c nononceHH- 
cm o6pa3ua B pc30HaTopc. 

flpii pcrwcTpauHK cuminoB criHHOBoro gxa Heo6xoflHMO 

IipHMCHCIIMC yCHJlHTCJlCM CBM MOTHIIOCTH. 3tO CBH33H0 
C TCM, HTO npOM3BCACHHC nc'UUHOIUCH moiuhoctm CBM Ha 

juimiy HMiiyjibca b cjihkobom 3xc onpcflCJiHer noBopcrr 
Hauai HHMemiocTH (ir/2 mjiw tt). Mcno/ib3yeMbie HMnyjibCbr 

HBJIHIOTCH II36npaTCJlbHWMH, CCJJH MX anHTCiTbHOCTb TIpeBbl- 

niaoT 7-10 ns. J\s\n HCH36HpaTejibHbix 7r-HjvinyjibcoB, npKMC- 
iiflCMwx, iianpHMcp, o AByiuepHOM HYSCORE (Hyperfine 
Sublcvel Correlation Experiment), TcpoycrcH 6oju>iuafl 
KfomHOCTb, tak hto npc/uiaracMWH u HacTOHiuefi pa6orc cer- 



HCT03JlCKTpMqeCKHH MaTepMaJl MO)KCT 3aMCHHTb yCKJIHTeJIb 
CB4 MOUIHOCTH (jTH60 n03BOJ!HTb HCnOJIb30BaTb yCHJlHTe;il» 

CBM MeHbiueH moiuhoc™). 

B nacToameH pa6ore nayHCHO BJiHflnKe h3jihmhh d o6bCM- 
hom UHJiMHApM^ecKOM pe30HaTope CeraCTO3JieKTpHHCCK0rO 
perjOHaTopa na hhtchchbh ocTb cuniajra o6biMHoro (CW) 
3FIP n Ha cHimajT cnuHOBoro 3xa (ESEEM). 

1 . B/iMHHue cerHeToa/ieKTpHMecKoro 
pe30HaTopa Ha cwma/i CW 3FIP 

H3MepCHMH npOBOAHJIHCb Ha paAMOCnCKTOOMCTpc 3ITP 

P3-1307 c bhcokoi acTOTHofl MOAyjiHUHeif MarHHTHoro nojm 
b TpexcaHTHMerpOBOM (X band) #Hana30He ajihh bojih b 
TCMneparypHOM HHTCpBajic 220-370 K. CcrHeT03JieKTpMHc- 
ckhh peaoHaTop pajMcmajica b ucHTpe o6teMKoro umjihh- 
ApOTecKoro pe3OHaT0pa c thiiom bojthtj TEo\\. H3roTo- 
BJieHU ABa cerHeT03AeKTpHHecKHX peaonaTopa H3 mohokph- 
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Phc. 1. TeMnepaTypnaa aaBHCHMocrb yntnHMcnua coothouichhji 
CMrHajr/iuyM G npw pa3MCiucHHH o6pa3ua b ccniero3JTeKTpnHC- 
ckom pe3oHaTOpe \. 
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Pwc. 2. TcMnepaTypHaa jasHCHMocTb yoc/iHMCHMH cooTHomeHn* Cninjui/iuyM £7 np« pa3MetueHHM o6pa3ua o cerHCToancKTpHMCCKOM 
pcwuiiTopc If. 



c-rajmHsccKoro xaHTanaTa Karma (KTa(>j), Kaw&MH H3 hhx 
npencraiuijui coSoh MeTbipexrpaHHyro npH3My pa3MCpoM 
2.85 x 2.6 x 3.4mm (r) h 2.75 x 3.5 x 4.6mm (II). B 
Ka*iccTBe MaTepMajia jjjin cerHeroajiempHHccKoro peaora- 
Topa Dw6paM T3ht° naT KajiHH oJiaroaapff ero yHKKarrbHNM 
CBoticTBaM; b na mocTH, 3TO ^hhhctbckhmm MaTepnaji, 
y Koroporo c pocroM ah3J16Ictphhcckoh npommaeMOCTH 
yMCHbuiatoTCfl jan3JicKTpHHecKHe ncnrepM [6]. ITo ueirrpy 
npH3Mw BbicncpjicHD oTBcpcTHe pannycoM R = 0.9 mm 
h riiy6HHQ» A = 2 h 4 mm jvir pe30HaTopoa I h II 
c oOTBCTCTBe h ho. B 3to OTBcpcTHe noMemajicn o6pa3eu — 
flH(J)eHHJi nHKpwi ruttpaafui (flOnr), HaxojwuHHc* b Ksap- 
ijcnoM aMnyjic nnaMcrpoM 1 mm. CerHeT03JiCKTpHHC- 

CKHH pC3OHar0p pa3MCmaJICH D o6l>eMHOM pC30HaTOpC 
TaKMM o6pa30M, HTO OCb BUCBepJieHHOrO OTBepCTHH co- 

iinanana c chjiobwmh jihhhamh MarHirmott ko wn o hchtm 
HajiHMHC cerHcrroancKTpHMecKoro pC30HHTopa a o6i>eM- 

HOM pC30HaTOpe yBCJlH l IHB3CT COOTHOlnCHHe CMmaji/myM. 

laK, paaMcuieimc o6pa3ua b pe30Ha-rope 1 npHBOjmT k 
yBCJiHMCHHio coQrrHOureHHB cHinaji/iuyM b 16 paa npH 
TeMnepaTypc 331 K (pHC. 1) h B 10 pa3 npw 292 K npn 
pa3McmcHHH o6paaua b pe30Ha-rope II (pnc. 2). KaK 

BHAHO M3 pMC. 1 K 2, H3MCHCHHC COOTHOHJeHHfl CHI HHJlAuyM 

a npMcyrcTBHH ccrHCT03JieiapHHecKoro pe30Haropa hmcct 
apKo BbipameHHyio hcmohotohhyio TCMnepaxypiryio 3asH- 

CHMOCTb. Ha pHC. 2 Ha6j!K)flaiOTCfl HCCKOJIbKO MaKCHMyMOB, 
COOTBCTCTByiOlUHX B036y3KflaCMMM KQJlc6aTejIJbHbIM MOflaM 
B CCrHCTO^XlCKTpHHeCKOM pe30HaTOpe. C H3MCHCIIHCM TCM- 

ncparypbi homchjuihcl h pe30HaHcwoe ManurrHoe none, 
hocmowcc cfcaMrcoo6pa3HhiM xapaicrep, h B;o6poTHOcTfe pe- 
lOKaTopa. TlancHHc flo6poniocnf coorncTCToyeT HyjieBpMy 

3Ha4CHMK> B TCMncpaTypHOtf 3aBHCHMOCTH yDCJlHWeHHH co- 

o-niouieHHJ? cnrHajx/uiyM. Otmcthm, tto npH pa3McujeHHH 
i>6pa3ua JJ,Q>nr bhc ccrHCT03JieKTpHHecKoro pe30Haropa 



(HO pStflfiM C KHM) yBCJIHHCHHfl HyBCTBKTCJlbHOCTH HC H3- 

anioiiajiocb. 

2. BnmiHue ceraeTOdJieKTpMHecKoro 
pe30HaTopa Ha cniiHOBoe axo 

H3Mepemw npoaoAHJiHCb Ha HMnyjibCHOM paOHOcneK- 
TpoMerpe (h3mchchhjmh cneiopoMCTp {j)irpMLi Bapnan) c 
TBepACrrejibHWM npeiiycuJiHTejiCM (100 mW) h ycarmTCJiCM 

(IkW) MHKpOBOJIHOBOfi MOIUHOCTH TpCXCaHTWMCTpOBOrO 

(X band) ;iHana30He ujihh booth. HcnojTB30Bajicfl pe30HaTop 
Tuna ner/iH-3a3op. B stot pc30HaTop npw TCMncpaxypc 
50 K noMcmancfl cerHeixxajieicrpHHecKHH pe3onaTOp b bhac 
TpexrpaHHOH npM3Mw, co6paHnoft H3 Tpex n/iacTHH, Ka^aan 
pa3McpoM 0.5 x 1.8 x 4.0 mm, M3 KTa0 3 . B 3a30p homc- 
wajicfl o6pa3Cu — yrooib. Hto6h H36e>KaTb HacbrmcHMA npH 
Haxo>KflCHHH o6pa3ua b ceraerrajreicTpHHecKOM peaoHaTope, 
c noMonu>H> aTreinoaTopa 6buio bbcacho flonoJiHHTCjib- 
hoc noniomeHHe moiiihocth CBH 3 1 dB bmccto o6bRi!o 
npHMeHHCMoro nomomcHHH b 14dB. 3to coorBercTByeT 
ocjiaGjieHHio na^afomcft Ha pe30Harop mouuhocth b 50 pa3. 
IIocjiexiHee bhaho H3 oneflyromero paccMorpeHHji: 



r=10lg(/b// > «). 



(0 



3/xecb z — notca3aHHH aiTCHioaropa, Pq — MomHocrb npn 

Z = 0, P n MOUUiOCTb npH BBC^CHHH aTTCHK>3TOpa. JUlfl 

cay^aeB H3MepeHHH c cenieroarrcKTpHHccKHM pc30HaTopoM 
Z3l = lOlgf/b/^CTaO,) H 10 3 ' 1 = Pb/ KtbO, (2), (2a) 



m 6e3 Hero hmccm 



Zi4 - lOlgCft/^). 10 M = ft/R 



(3), (3a) 



PaoflCJiHB (2a) Ha (3a), nonynaeM yMCHbmeHHc moiuho- 
cth, HeoGxQRHMOH rjih pcrHcrpaixMH cwrHajia^ b 50 pa3. 
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3, 1/lHTepnpeTaiiiffl nojiyneMHbix 
pe3yxibTaToe 

Hwkc iipczmaracTCH mctob. Hcnojib3onaHHH pacHeroB «h- 
ruiCKTpHMecKoro pe30naTopa npanHJTbUOH (fJopMU njtn nu- 
6opa (fiopMM cerHeroanejapHMecKoro pe30HaTopa k oaemcH 
cro pa3McpoB c uejibio ero ucnojibzonamat n 3ITP. Cyrb 

MCTO/ia COCTOHT B HaXQ>KttCHHH pa3MCpOB CHJIOUIHOrO CCF 

HCTOOJicKTpHMecKoro pesoHaTopa (us Toro >kc MaTepHajia), 

3KBHBaJlCHTH0r0 (b CMWCJIC pe30HaHCH0M H3CTOTH) cenic- 

T03JiCKTp>mecK0My pe3onaTopy c OTBepCTHCM jyia o6pa3ua. 
a) PacHCT paaMepoB npBMoyrojiLHoro 

CCrHCT03JICKTpHHCCK0r0 pC30H3TOpa flJlH 

yoejiHHCHHfl cooTHomeHHH c h r h a ji / m y m. Pac- 
CHKTacM pc3onaHCHyio nacTory onHcaHHMX Bbmic cerHero- 

3JieirrpWMCCKHX pC3OHaTOp0B I W U, Bbipe3aHHHX H3 moho- 

KpHcrajiiiHMccKoro TaHranara Kajmsr. 3aMeHHM mucjichho 

ofrbCM BWCBCpjlCHHOH UHJlHUUpKMCCKOM HACTK V c = TvR^h 

ccrHCT03JiCKTpHMecKoro pe30HaTopa o6i>eMOM TaKoii >Ke 
ocjTMMHHbi, ho 4>opMw npaM.oyrojn»Horo napajuicjienHTioaa 
^ = d h h yMCHbiiiHM ajiHHy h mnpHHy pc30H3Topa Ha 
DCJiHSHHy, paBHyio d = v/^r* Tfle r 2 = * 2 /i/L — 
zuiHHa pc30Haxopa). Toma bmccto 2.85 x 2.6 x 3.4 mm 
pa3Mcp cerneT03JieKTpM4ecKoro pe30HaTDpa I cocraBHT 
1.63 x 1.38 x 3.4 mm, a pujMep pe30Haxopa II bmccto 
2.75x3.5x4.6 mm 6yaeT cocraBJurn, 1.26x2.01x4.6 mm. 

IlpH HaJIHMHM n OObCMHOM pe30Harope fl«3JieKTpHHCCKO- 

ro pc30HQTOpa (]>opMbi npHMoyrojibHoro napajuiejieimnefla 
pcaouancHan Hacrora nocneAHcro BbrmcjiflercB m cjicjxyio- 
rucw chctcmw ypaaHeHHH [7J: 

/«&6?+# + £) ,/I e/<2« 1 ' 2 ). 



cerHCTO3JieKTpH^ecKOro pe30Haxopa aJjepHHCCKoii <J)opMw, 



Atg(IA/2)«(/3f+ifi?-/5g) ,/a . 



mc A = mrr/A, (B y = im/B, ft = tv8/L> 
A> =:: 2nf/c; A,B t L — nyiHHa, uinpHHa h BUCOTa pe30- 
Haiopa; m = n = J — uejibie nwcjia, coorBercTByiomMe 
Kane6aHHio //| i,?; 5 — nacrb nojiyBOJinw BHyrpH pC30naTopa 
BMojib cro bwcotm; c — cKopocn, cBera; e — ah3Jicktj:m- 
HCCfcan npoHHuacMocTb pc30HaTOpa. 

PacMCT noKaaaji, hto to h hoc coBnaa;eHHe nacTOTW nojry- 
MacTCfl npH pa3Mcpe 1.69 x 1.439 x 3.4 mm h 5 = 0.833 
iuiB pc30naTopa I (v = 9150 MHz) h npH pa3Mepe 
1.2 x 1.958 x 4.6 mm m 8 = 0.877 nj\n pc3onaTopa IT 
(u = 0124 MHz). Hmchho npn sthx pa3Mepax ycmieHHc 
curHana 3I1P oica3biBacTCH HaH6ojibmHM. 

Pc3yjibTaTH pacHCTa yica3MBaiOT Ha B03Mo>KHoen> npczma- 
racMbiM cnocoSoM ouchhb3it> pa3Mepu cerHero^jieKrpHHe- 
cKoro pc30Haropa /uij? Hcnojib30BaHH» b H3MepCHMJix 31TP. 

6) BiiHHHHe ccrHCT03JieKTpHMecKoro pe- 
30Haropa c<|>epH necKOH tyapMu Ha hhtch- 
CHBHOCTb curwa^a 311P. YBejTHMeHHe hhtchchb- 
hocth cHrHajra 3ITP mojkct 6brn> onncano DhipanccHHeM 
[A4] H3 [5], noKa3brBarouiHM H3MeHeHHe nanp5T>KeHiiocTH 
MarHwTHoro nojm Ha o6pa:juc npH pa3McmeHnn ero BHyrpn 



B ir /B = Cj\ (kr) cosB/r. 



(5) 



3^ecb Bjr — 1 1 anp jDfte hh ocrb MarHMTHoro nojin npn najni- 
^hh cerH6T03JneicTpHHe cKoro pe30HaTopa BHyrpn o5t>cmho- 
ro pe30HaTopa, B — HaupjoKciiHocrb MarHHTHoro nonj? b 
OTcyrcTBHe cerHeroajieicTpHMecKoro pe3OHaT0pa, — - pac- 
CTOHHue ot neirrpa cemeroaBeKTpHHecKoro pe30HaTt>pa b:o 
o6pa3i|a, j\ (x) — c^icpHHecicaH ^ymcuHH BeccejiR ncpBoro 
nopajpca > C onpeAeBHerrcH no (JjopMy/ie 



C={a + D/a 2 )/Mka), 



(6) 



me D - fl 3 [({2 M + 1)7! {ka) - kaj 0 (ka)) / (fa - (iut)+ 
+kaj Q (ka))]; a — pajmyc cerHeTcojieicTpMMecKoro peso- 
HarrOpa; jo(x) — c^pHHecKaa (pyHmwn EecccjiB Hy/ieuo- 
ro nopHflKa; & — MarmnHaa BocnpHHMHHBocTb o6pa3ua 
(mw npHHHMaeM, kuk b cjiy^ae HeMarHHTHoro o6i>CKTa, 
M = 1), BOJiHOBoe hhcjio k — (fifiQtZQUj 2 - iaf£^M)Uj)^ 2 , 

TOO £ 0H3JieKTpHHCCKaH npOHHUaCMOCTb CCrHCTOSJICK- 

TpHMecKoro pe30Haropa, hq h £ 0 — MarHHTHaH h ah3jick- 
TpKMccKan npoHHuacMocTb BaxyyMa, <x — 3JiCKTpHHCCKaH 

npOBQUHMOCTb CerHeT03JieKTpHHCCK0r0 pC30HaTOpa i UJ — 

yrnoBan ^acTora na^aionxefi CBH mouihocth. 

yMHTMIiaH, HTO Hani CerHeT03JieKTpHMCCKHH pC30Ha*rop 

HMeer oncHb HH3Kyro npoBOflHMOCTb, mm ricuiaracM a = 0. 
noAcraanflji b BbtpaHcenne jyin k H3BCCTHbic 3HancHWH fto> e 0 
h w = 2ttu [y = 9124 MHz pjin cereeToaneinpHHecKoro 
pe30HaTopa II), noJiynaeM it = 192^/Em~ i . 

OJ>epnHecKHe (J>yHKim« BeccejiH («-ro nopH^Ka) mw pac- 

CHHTbmajTH HCpC3 pa3J10)KeHHe b psm 



j lka) _ f - (-i)'N2)^ 



(7) 



F(« + i+l) — raMMa-4>yHKimfl; T(n + i + 1) = (n + /)! 

yHHTUBai? cnaraeMbic jio 12-ro nopaAKa, mw nanynariH 
xopomee corjiacHC paccMHraHHwx 3HaHCHHfi (J>yHKUHH Bcc- 
cejiH co CTaHflapTHbiMH hiGjihhhwmh 3HaHCHH«MH. TaK, ana 
}\{kr) HMceM 



(8) 



Bhaho, hto npn nomcTaHOBKe (8) b (5) r coKpamaercfl. 
Jlnsi ccrneTcojieicrpinecKoro pc30iiaTopa H3 KTa0 3 
flHaneirrpHHecKan npoHHnacMocn> bbjibctcb icoMnjiCKC- 

HOR BCJ1HTHHOH £ = E f — it". flcHCTBHTCJlbHaB 

«iacTb e f 33BHCHT ot TCMJiepaTypw cjien;yiou*MM o6pa3o\r 
e f = 45 + 64000/(r - T c ), r c = 4K [6]. Mhhm3h MacTb 
£" = s 1 tg 5, rue tg ^ = 0. 032 

PacMer B ir /B rrpw ^ = 0.77 - m flaeT MaKCHMyM 
B ir /B npH 7* = 288 K. BwcoTa m a kc h My Ma cocraBiincT 

Bir/B = 70. 3TOT paCHCT Ra.eT OCHOB3HHC JUIB flaJTbHCM* 

uiero yBCJiHHeHHfl hhtchchbhocth CHrnajia 3ITP 3a cqeT 
H3MCHcnHfl (^opMH cerHCT03Jxe KTpHHCCKoro pe30HaTopa. 
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4. 3a k/1 tone hmo 



TaKHM o6pa30M, HcnoJibsooaHMe cernero3JieKTpHMCCKoro 
pcjonaTopa b KMnyjibCHOM 3 IIP no3Bonner yMcw>uinrb 
BC/rHMHHy CBH MomnocTH, hco6xojihmoh ajih Hacwmeinifl, 
m cymccTBCHHO noDHCHTb cooTHonieHHC cnrnaji/uiyM b CW 
3I1P. Otmctwm, hto TaKOc a<e nOBbinieHHc cooTnoiuenHH 
cwrnajT/yjyM flocTHrHyro c noMomtio AM3JieKTpH^ecKoro 
pirjOHaTopa H3 cHnc[)Hpa [8] 3a chct orrrnMH3aunH $aKTopa 
jananncHHfl pe30HaTopa. B iiamcM cjiynae eme flocraTOH- 
iro pcjihk 3anac o aajibHeMiueM noBHtnetwH cooTHoinemwi 
cvirnan/myM 3a c<ict yuemiHCHHH <(>aKTOpa 3arrojiHCHHfl po- 
3oifaTopa, 

Annua* pa6ora BbtnojtHCHa npM nacrMMHOM fyuwmco- 
noH noAZicp>KKe <tH>H«a (^yHaaMCHTajibHux MccjieaouaiiHM 
MiiinicTcpcTBa HayxH h TcxHOJiornft ykpaHHbi (npocKT 
No 2.4/516). 
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We report the development of a simple ferroelectric cavity insert 



v- 



that increases the electron paramagnetic resonance (EPR) se 
ity by an order of magnitude when a sample is placed within It 
The insert is a hollow cylinder (length 4J& mm, outside diameter 
1.7 mm, inside diameter 0.6 mm) made from a single crystal of 
KTu0 3 , which has a dielectric constant of 230 at X-band (9.5 GHz). 
Its outside dimensions were chosen to produce a resonant frequency 
in the X-band range, based on electromagnetic field modeling cal- 
culations. The insert increases the microwave magnetic field (Hi ) at 
the center of the insert by a factor of 7.4 when placed in an X-band 
TMi W cavity. This increases the EPR signal for a small (volume 
0.13 f*L) unsaturated nirroxide spin label sample by a factor of 64 
at constant microwave power, and by a factor of 9.8 at constant 
Hi. The insert does not significantly affect the cavity quality factor 
Q, indicating that this device simply redistributes the microwave 
fields within the cavity, focusing H\ onto the sample inside the in- 
sert, thus increasing the filling factor. A similar signal enhancement 
is obtained in the TM no and TE102 cavities, and when the insert 
is oriented either vertically (parallel to the microwave field) or hor- 
izontally (parallel to the DC magnetic field) in the TM 1I0 cavity. 
This order-of-magnitude sensitivity enhancement allows EPR spec- 
troscopy to be performed in conventional high- Q cavities on small 
EPR samples previously only measurable in loop-gap or dielectric 
resonators. This is of particular importance for small samples of 
spin-labeled biomolecules. 02001 Academic pkm 

Key Words: electron paramagnetic resonance; ferroelectric; 
KTaQj; cavity insert; muscle fiber; 



intensity S is given by (7) 

SocqQP l/2 . 



[1] 



where rj is the filling factor, Q is the unloaded quality factor of 
the cavity, and P is the incident microwave power. In most EPR 
experiments, the power is adjusted to maximize signal intensity 
in the absence of saturation. For each sample, this condition is 
achieved at a characteristic value of the microwave magnetic 
field amplitude H\ at the sample, which is proportional to the 
square root of the incident power making the practical definition 
of sensitivity (relative signal at the optimal //j and constant 
number of spins) 



[2] 



For most spectrometers and samples, it is easy to obtain a value 
of P liigh enough to achieve the optimal H\ value. Therefore, 
optimizing sensitivity is usually a matter of increasing Q or 17. 
Most modern EPR cavities have been designed for optimally 
high Q > so our goal is to start with a cornmercial high-g cavity 
and to increase the filling factor n, which is given by (7) 



[3] 



where V s and V c are volumes of the sample and cavity, and {Hf) A 
INTRODUCTION and (Hf} c are the mean square microwave magnetic field values 

in the sample and cavity, respectively. 
Improving the sensitivity (signal-to-noise ratio for a given For the rectangular TE m cavity (V c ~ 10 cm 3 ), the fill- 
sample) in EPR is particularly important for studying biological ing factor is about 2 V s /V c = 2 x 1CT 4 for a 1-/lL "point" 
samples, which are often available only in limited amounts, par- sample and V & f V c = 2 x 10~ 3 for an optimal aqueous line 
ticularly in analysis of protein mutants or single cells. In current sample (20 /*L) (7). Noncavity resonators, such as loop-gap 
EPR spectrometers, noise is constant and limited by the detector resonators (LGRs) or dielectric resonators (DRs), typically have 
over a wide range of incident microwave power Therefore, the filling factors 50-100 limes greater than that of a TEitn cavity 
goal of sensitivity enhancement is reduced to the task of increas- (J, 5), but a number of disadvantages limit the application of 
ing the signal intensity S at a constant number of spins. For the these devices. For example, a LGR has a low Q and can be 
common case of a detector with a linear response, the signal difficult to tune. Its absorption spectrum is often distorted by a 

dispersion component, due to errors of phasing in the reference 

arm of the microwave bridge (6). Furthermore, most X-band 
1 lb whom correspondence should be addressed, EPR users already use cavities for biochemical measurements. 

1090-7807/01 $35.00 
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Buying an LGR or DR can be as expensive as buying a new cav- 
ity because they can be difficult to manufacture (3, 4). Therefore, 
it is desirable to devise a means to increase the rilling factor of 
a conventional resonant cavity. 

It is possible to increase the filling factor by increasing the 
volume of the sample, but for aqueous samples this approach 
is severely limited by dissipative losses mat can degrade Q and 
thus decrease S (Eq. [ 1]). Therefore, our goal is to redistribute H\ 
so that it is concentrated at the sample. There have been previous 
attempts to concentrate the H t field at the sample by insertion of 
a resonant structure into a cavity, e.g., using a folded half-wave 
resonator (7) or a LGR (5). Even a quartz dewar (dielectric in- 
sert) increases Hi at the sample through such a perturbation. For 
a dielectric or ferroelectric insert, H\ at the sample increases in 
proportion to the square root of the dielectric constant (e) of the 
insert material (7). This led to experimentation with low-loss 
microwave ceramics in resonators for EPR, with dielectric con- 
stants of about 30 (4) as well as low-loss ferroelectric materials 
that have constants of 100 to 300 (9> 10). 

In the present study, we have investigated a crystalline fer- 
roelectric, KTaOj, for use as a hollow cylindrical insert in an 
X-band microwave cavity. Cylinder dimensions were calculated 
with mode matching (11—14) to produce an insert with an X- 
band resonant frequency. The microwave magnetic field H\ at 
the sample in the cavity with and without the insert was mea- 
sured from the signals of EPR samples with known saturation 
properties, and the effect of the insert on EPR signal intensity 
was determined for samples of free spin-label solutions, spin- 
labeled lipids, and muscle fibers. 



METHODS 



Theoretical 



Our goal was to fabricate an insert with a bore for the intro- 
duction of samples. We also wanted an insert with cylindrical 
symmetry, to ensure its excitability by the TEou mode and to fa- 
cilitate the calculation of microwave fields. Therefore, as a first 
approximation we designed the insert as a solid cylinder with an 
X-band resonant frequency. Wc used radial mode matching to 
compute the resonant frequency of the lowest order TE mode 

CM). 

The computation starts with the well-known Helmholtz vector 
equation (12-14) 

0/r)d(r(dV/dr))/dr - (m 2 /r 2 )V +d 2 V/dz* + = 0, 

£4] 

where wavenumber ko = 2jt/X in air and koe w in the cylinder 
insert Here m = 0 because of axial symmetry. Equation [4] is 
solved separately for regions 1 and II (Fig. 1) by separation of 
variables 



n 



H 








b.+ h, 
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FIG. 1. Model of shielded solid cylindrical dielectric resonator, 
perfect electric conductor. 



We assume that most of the energy is stored in the insert and the 
microwave field decays exponentially in region 1L Then, using 
Eq. [4] in region I, 

(l/r)d(r(dRi(r)/dr))/dr + p 2 R x (r) mi 0 (6] 
d 2 Z x {z)ldt i + v 2 Zx(z) - 0, [7] 



and in region II, 



(l/r)d(r(dR 2 (r)/dr))/dr - <? 2 R 2 (r) = 0 
d 2 Z 2 (z)/dz 2 + t 2 Z 2 (z) = 0. 



[8] 
[9} 



where pi 2, and q 2 are the eigenvalues and v 2 = fcfis — p 2 y t 2 = 

The solution of Eq. [6] is a Bessei function Ri(r) = Joipr) 
(we reject the solution Rt (r) = Yo(pr) because it becomes infi- 
nite at r = 0) as well as the solution of Eq, [8], R 2 (r) = Ko(qr). 

Hie solution of Eq. [9] is Z 2 (z) = sin(f z)/r (we reject the 
solution Z 2 (z) — cos(/z) because* = Oatz — Oandz = H due 
to boundary conditions). Then, because of boundary conditions 
* = 0 at z = 0 and z = H t tH = jm or / = nn/H and n = 1 
because we consider only the first low TE mode. 

The solution of Eq. [7] for region I is more complicated be- 
cause of layers with different dielectric constants of air and the 
insert and eigenfunction Z\ can be constructed as (12) 



— in layer Ji, 



Z n (z) = sin(vi z)/v u 



[10} 



-in layer J 2> 



* = R(r)Z(z). 



[5] 



Z i2 (z) = B $in(v2(z - Ai))/t>2 + C cos(v2(z - A»)), [11] 
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— in layer / 3 , 

Z| 3 (2) = O sin(u!(z - //))/«, , [12] 

where B = cos(v t hi\ C = (sm(vihi)/vt) t and D = 
co&ivzhi) - (t^/vt)(sin(uiAi)/cos(t;iAi))sin(v2/i2). The insert 
is in the center of a cavity, which means that h \ =■ H ~-(hi+h 2 ). 
The continuity of tangential fields of region I requires that 
Z n s= Zn at z — hi, Z\2 — Zn at z = Ai 4- h 2 , and dZ u / 
dz = dZnfdz at z = h u dZnfdz = dZnfdz at z = h\ + 
Tnen, firomEqs. [10H12]. 

[13] 

A fundamental property of these solutions is that the eigenvalues 
p 1 are less than $6 (13, 14). We need to find only the first 
eigenvalue because we compute the resonant frequency for only 
the first low TE mode. 

When eigenvalues p 2 and q 2 are found, the resonant fre- 
quency is found by matching the tangential microwave fields 
at the boundary between regions I and n. The fields H$ — E z = 
E r — 0 (13) and tangential microwave fields can be expressed as 

H z = - {d 2 V/dz z + k$e* } , 

E$ = dVJdr. [14] 

Regions I and II is boundary conditions 

give the equation 

Jo(pa)/J } (pa) = -(q/p) K 0 (qa)/K x {qa) 9 [15] 

which must be solved to determine the frequency of resonance. 

The resonance frequency of our cavity is v = 9,316 GHz, 
and the dimensions of the insert calculated by this method were 
h 2 — 3.85 mm and 2a = 1.76 mm at this frequency. The rel- 
ative dielectric constant of the KTa0 3 crystal was assumed to 
be e =? 230 at 10 GHz {15), A hole was drilled down the axis 
for sample loading, assuming that this does not affect the reso- 
nance frequency substantially. We guessed that this perturbation 
could be compensated with a slight increase in value of the in- 
sert height h 2 . The final dimensions were 4.8 mm in height with 
1.76 mm as outside diameter and 0.6 mm as inside diameter. Hie 
value 2a = 1 .76 mm is an average value; the insert has a slightly 
conical shape, with a difference of 0.04 mm between the dia- 
meters of the ends. The axis of the insert was made parallel to the 
[100] axis of a KTUO3 crystal (although the dielectric constant is 
specified to be isotropic for this crystal). The insert was centered 
with its axis perpendicular to the external magnetic field in the 



TE and TM cavities and parallel to the external magnetic field 
for the transverse orientation for the TM cavity. 

Experimental 

EPR experiments were performed with a Broker EleXsys 
E500 spectrometer (Bruker Instruments Inc., Billerica, MA), 
using either (1) a TE102 cavity (model 4102 ST; Bruker Instru- 
ments Inc.) with a quartz dewar, (2) a TM n0 cavity (model 
4103 TM; Bruker Instruments Inc.) with no dewar, or (3) a 
loop-gap resonator (Medical Advances, Milwaukee, Wl) with 
an external dewar. In all cases the axis of the sample tube and 
the insert was placed vertically, perpendicular to the DC mag- 
netic field Ho and parallel to the microwave magnetic field H u 
except in the case of the TM cavity, which was modified to 
place the axis either parallel or perpendicular to the DC mag- 
netic field (16). The temperature was controlled at 23°C using a 
nitrogen gas-flow temperature controller, and monitored with a 
digital thermometer using a Sensortek (Clifton, NJ) IT-21 ther- 
mocouple miCTOprobe inserted into the top of the sample cap- 
illary, such that it did not affect the EPR signal. The spectra 
were acquired using 100 kHz field modulation. Peak-to-peak 
modulation amplitude was 0.01 G for measurements of the dis- 
tribution of signal intensity vs position along the cavity axis 
with a BDPA point sample, 0.5 G at measurement of saturation 
rollover curves, 2 G at measurement of lipid sample, and 3 G 
at muscle fiber sample measurements. All investigated samples 
were loaded into fused quartz round capillaries with 0.4 mm ID, 
0.55 mm OD (Vitro Dynamics Inc., Rockaway, NJ). Crystals 
of KTaCh were obtained as a gift from Dr. L. A. Boatner (Oak 
Ridge National Laboratory, TN). The quality factors Q of the 
unloaded cavity with and without the insert were measured with 
an HP 8510C Network Analyzer and found as the ratio of reso- 
nance frequency to dip linewidth, measured at — 3 dB from the 
baseline. 

The microwave magnetic field amplitude Hi at the sample 
was calibrated by measuring the half-saturation power P(l/2) 
of 0.9 mM deoxygenated pen>xylamine disulfonate (PADS) in 
10 mM K2CO3 aqueous solution (2). The relationship between 
Hi and incident power is given by the equation 

H^CP 1 * 2 . [16] 

The constant C incorporates the effect of quality factor (Q) 
and filling factor (n). TE102 and TM H0 cavities typically have 
C«l G/W ,/2 , while LGRs and DRs typically have C 4- 
5 G/W 1/2 . To determine power at half-saturation, the depen- 
dence of signal intensity on the square root of incident power 
(saturation rollover curve) was obtained as shown in Fig. 2. Hi 
at half-saturation for PADS is 0.1067 G (2); the ratio of this Hi 
to the square root of the corresponding incident power gives C. 
Knowing C allows the field H t at Ihe sample to be related to the 
incident power. The constants C for TE 102 with dewar and for 
TMno are shown in Table 1 in the column marked as Cq. 
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FIG. 2. Saturation rollover curves for 100 fiM. IASL aqueous solution for 
the TEto2 cavity without (filled squares) and with the insert (open squares) 
and the LGR (open triangles), P is the incident microwave power. S N is the 
signal intensity normalized so that a value of 1 indicates no saturation (signal 
proportional to P 1 * 2 ); U., S N . (S(PyP l ^y(SiP^}/P^ n ). where P 0 is a 
nonsaninmng power. 



labeled specifically at Cys 707 (SHI) with IASL in rigor buffer 
(130 mM potassium propionate, 20 mM MOPS, 1 mM EDTA, 
2 mM MgCb. 1 mM NaN 3 ) as described elsewhere (77). After 
labeling, the fiber bundles were washed in a mixture of 50% 
glycerol and 50% rigor buffer. A muscle fiber bundle with 
diameter 0.15 mm and length 4 mm was placed in a capillary 
and held isometrically by suture tied to the bundle ends. The 
capillary was filled with a mixture of 50% glycerol and 50% 
rigor buffer and sealed with Critoscal at both ends. 

RESULTS 

Introducing the insert into the cavity increased the EPR signal 
substantially, without increasing the noise. For example, the sig- 
nal intensity from an unsaturated point sample of BDPA, placed 
in the center of a TE cavity, was increased by a factor of 45 
(Fig. 3). This factor was even greater for a TM cavity: 80 if the 
insert was perpendicular to the DC field (Fig. 4) and 67 if the 



For simplicity, H\ calibrations at the sample for cavities with 
and without the insert and for the LGR were made with a 1 00 /iM 
IASL aqueous solution. The saturation behavior of a sample that 
has IASL free in solution is determined solely by the relaxation 
properties of IASL and should be the same in different res- 
onators, with and without the insert. Saturation rollover curves 
for the TMjio cavity with and without the insert in perpendic- 
ular and parallel orientations and for the TE 102 cavity with and 
without the insert in perpendicular orientation were obtained. 
Constants C for the different cases were then determined and 
are shown in the Table L Figure 2 shows examples of saturation 
rollover curves of 0.2 fiL of 100 iiM IASL aqueous solution in 
the TE102 cavity with and without the insert and in the LGR. 

Hie following reagents and solutions were used in this study: 
peroxylamine disulfonate (PADS), free radical BDPA com- 
plex with benzene (tr, /-bisdisdiphenylene-^-phenylallyl), 4-(2- 
iodoaretanrido>2A6,6^tetr^ (IASL), 
TEMPO, and 4\4,-dimemyloxazoUdine-5-oxyl derivative of 
stearic acid (5-SASL) (all Aldrich Chemicals Co., Milwaukee, 
WI), and dioleoylphosphatidylcholine (DO PC) lipids (Avanti 
Polar Lipids, Alabaster, AL). 

Lipid sample preparation. DOPC and 5-SASL (100/1) were 
mixed in chloroform, and the solvent was removed under a 
stream of nitrogen gas that left the lipid sample deposited as 
a thin layer at the bottom of a glass test tube. Chloroform traces 
were removed under vacuum. The dried lipid sample was then 
rehydrated with MOPS buffer (pH 7.0), pipetted into a capillary 
flame-sealed on one end, and then concentrated by centrifuging 
at 100,000 rpm for 30 min. After removing the excess liquid* 
the sample length was 1.7 mm; the quantity of 5-SASL in the 
sample was 0.4 nmoles. 

Muscle sample preparation. Psoas muscle from 
New Zealand white rabbits was dissected, glycerinated, and spin 
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FIG. 3. Distribution of signal intensity of a point BDPA sample along the 
vertical axis (perpendicular to the DC magnetic field) orthcTE)02 cavity without 
(filled squares) and with the insert (open squares). 
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FIG. 4. Distribution of signal intensity of a point BDPA sample along the 
vertical axis (perpendicular to the DC magnetic field) of the TM U o cavity, 
without (filled squares) and with the insert (open squares). 

insert was parallel to the DC field (Fig. 5). Figures 3, 4, and 5 
show the dependence of signal intensity on the position of this 
point sample along the cavity axis, normalized to the signal at 
the center of the cavity in the absence of the insert. The asym- 
metry in Figs. 3, 4, and 5 is probably due to imprecise centering 
of the insert in theravity or imperfection in its cylindrical shape 
(see Introduction). 

Figure 6 shows the spectrum of 0.6 fiL of 10 /iM TEMPO 
spin label in a cavity with the insert (raw), a baseline (spectrum 
of cavity with the insert and with the same amount of distilled 
water replacing the TEMPO), and the spectrum resulting from 
subtraction of the baseline from the TEMPO spectruiiL The base- 
line of the cavity with the insert shows a weak EPR line with 
g = 2.004 and a peak-to-peak linewidth of 12 G. The EPR signal 
of the insert probably corresponds to trace Fe 3+ ions (i 8, 19). 

A comparison of the performance of the TE cavity* with insert 
and the LGR for 0.2 jaL of 10 /*M aqueous TEMPO at the same 
incident power shows that the LGR produces a more intense 
signal; the ratio of signal intensities of the same sample in the 
LGR and in the TE cavity with the insert is 2.2. 
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FIG. 5. Distribution of signal intensity of point BDPA sample along the 
horizontal axis (parallel to DC magoeoc field) of the TM no cavity, without 
(filled squares) and with the insert (open squares). 



We found a shift in the frequency of resonance when the insert 
is placed in the cavity. For the TE cavity, the resonance frequency 
changed from 9.316 to 9.361 GHz, for the TM cavity from 9.801 
to 9.809 and 9.804 GHz in the perpendicular and parallel insert 
orientations, lesrjectively. 




FIG. 6. EPR spectra for baseline subtraction acquired for 0.6 piL of 10 jtM 
TEMPO aqueous solution. Experimental conditions: gain 80 dB (2eSX P = 0.63 
mW. time constant 41 ms, sweep 120 G/42 s, 25 scans acquired for each trace. 
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FJG. 7. EPR spectra acquired for a lipid sample; fatty ackJ spin label 
5-SASL in DO PC lipids. The quantity of 5-SASL in the sample is approx. 
0.4 nmotes. In die TB cavity with the insert, P 0.63 raW, H\ — 123mG (top), 
la the TE cavity without the insert, P = 15.94 mW, Hi =121 OiQ (bottom). 
Sample length. 2.2 mm; volume, 0.3 f*JL. Experimental conditions: gain 80 dB 
(2e3), time constant 41 ms, sweep 1 10 G/42 s, 30 scans acquired for each trace. 

We observed dramatic amplifications of EPR spectra with- 
out significant distortion when the ferroelectric insert bore was 
loaded with lossy aqueous samples in all orientations. This is 
strong evidence that the microwave magnetic and electric fields 
remain spatially well separated between the insert bore and side- 
wall, respectively. We also found no shift in resonance frequency 
between an empty bore and one with a lossy sample loaded in 
all orientations. This means the power loss due to the interaction 
of the microwave electric field with the aqueous (muscle fiber) 
sample is small. 

Enhancement of EPR signals of biological samples by the 
insert, at constant Hu is shown in Figs. 7, 8, and 9. Figure 7 
shows the EPR spectra of 5-SASL in DOPC lipid bilayers in the 
TE cavity. Figures 8 and 9 show the EPR spectra of a muscle 
fiber bundle perpendicular and parallel to the external magnetic 
field mounted in the TM cavity. The enhancement for fatty acid 
spin label in lipid bilayers in the TE cavity is 6.4 (Fig. 7). The 
enhancement for a spin-labeled muscle fiber handle in the TM 
cavity is 4.7 when the insert and fiber are placed perpendicular 
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FIG. 8. EPR spectra recorded for a muscle fiber bundle in perpendicular 
orientation spin labeled at Cys707 of myosin head (SHI) by IASL. lo the TM 
cavfry with the insert P = 0.63 roW, H x = 138 mC, baseline subtracted 
(top), to the TM cavity without the insert, P - 31.81 raW, //, = 139 mG 
(bottom). Experimental conditions: gain 80 dB (2c5). time constant 41 ms, sweep 
120 G/42 s, 20 scans acquired for each trace. 
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FIG. 9. EPR spectra recorded for a muscle fiber bundle in parallel ori- 
entation spin labeled at Cys707 of myosin head (SHI) by IASL. In the TM 
cavity with the insert, P — 0-63 mW, Hi = 146 mG, baseline subtracted (top). 
In the TM cavity without the insert, P = 31.81 mW, H\ — 139 mG (bot- 
tom). Experimental conditions: gain 80 dB (2eS). time constant 41 ms, sweep 
120 G/42 s. 20 scans acquired for each trace. 



to DC field and A3 when the orientation of the insert and fiber 
are parallel to the DC field. 

Table 1 illustrates the effect of the insert on H\ and signal 
intensity for various samples and cavities. The first and second 
columns give values of conversion factor Co for the cavity with- 
out the insert and C for the cavity with the insert where C is 
the ratio of H\ and /* 1/2 (Eq. [16]). The third column presents 
the ratio of conversion factors C/Cq, which is the ratio of H } at 
the sample in the cavity with and without the insert at the same 
incident power. Hie last four columns show ratios of signal inten- 
sities of different samples in cavities with and without the insert 
at the same H x or at the same incident power, under unsaturated 
conditions. Samples were centered simultaneously in the cavity 
and the insert The point sample was a tiny piece of BDPA. The 
aqueous samples were 1 mM TEMPO, 0.2 /xL (/ = 1.7 mm) for 
the TB cavity and 0.13 ^.L (/ = 1 mm) for the TM cavity. The 
different volumes were chosen to completely fill only the central 
part of the microwave magnetic field distribution found through- 
out the insert (see Figs. 3—5). Column eight shows ratios of inte- 
gral intensity of signals of the muscle fiber bundle sample in the 
cavity with and without the insert at the same Hi at the sample. 

DISCUSSION 

Enhancement of Signal Intensity and Filling Factor 
of a Cavity with the Insert 

As indicated in the discussion of Eq. [1] in the Introduction, 
EPR sensitivity for a given sample is proportional to the quality 
factor Q and the filling factor 17. We found that the ferroelectric 
insert had no significant effect on Q, so the improvement in 
signal intensity with the insert is found to be directly proportional 
to the increased filling factor 



(S/S 0 )f oc (rj/r/o), 



[17] 
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TABLE 1 



Signal intensity ratitf* 



Cavity/insert 
orientation 



C/C 0 C 



Point sample*, 
same power 
tS/So)r 



Aqueous sample^ 



Same power 
(S/So)r 



Same Hi 



Muscle fiber*, 
same H% 

(S/So)//, 



TE 

TM/perpeodicuJar 
TM/parallel 



0.96 
0.78 
0.78 



4.7 
5.8 
S3 



4.9 
7.4 
7 



45 
80 
67 



34 A 
64' 

56'" 



° Cavity conversion factor (C — H\ }P i/2 ) without insert 
b C with insert. 

c Increase of H\ at (be sample in cavity with the insert 

A Ratio of signal intensities of sample in cavity with and without insert 

* BDPA. 

f 1 mM TEMPO aqucOTis solution. 

s Four millimeter muscle fiber bundle labeled by IASL at Cys707 of SHI. 
*K-0.2/iL» /=1.7mm. 
' V =0J3mL> I = 1 mm. 



7 ft 

9.8' 

8.5' 



4.7 
4.5 



where 0 indicates the absence of the insert. Both signals S and Sq 
are measured under unsaturated conditions. For fixed volumes 
of sample and cavity, and considering Eq. [3], we conclude that 
the improvement of signal intensity reflects the redistribution of 
the microwave field H\ in the cavity by the insert, such that more 
of the available magnetic field Hi is focused on the sample. 

Hie difference in the signal intensities for a point sample 
and for an aqueous sample in Table 1 can be explained by the 
variation in microwave magnetic field strength along the axis of 
the linear sample covered by the insert compared with a constant 
and maximal field H\ for the point sample in the center of the 
insert (Figs. 3-5). Thus the peak field H x detected with a point 
sample in the center of the insert is larger than the average field 
Hi throughout the insert for a 1.7-mm (TE) and 1-mm (TM) 
long line sample. Also, a 4 mm muscle fiber sample shows an 
even lower signal intensity ratio, as it extends a significant length 
from the center of the insert, where H\ has a maximum value. 

According to Eq. [17]. the signal intensity ratio is proportional 
to the ratio of filling factors for the cavity with and without the 
insert. Then, from Eq. [16], 

(S/SoU oc (rj/rjoXCo/C) = (S/S 0 ) F (Co/C\ [18] 

where (S/Sn)//, is the signal intensity ratio at the same H\ , and 
(S/Sq)p is the signal intensity ratio at the same incident power. 
This equation can be tested precisely for the aqueous sample, 
since it is for this sample that the effective H\ value is accu- 
rately calibrated. The data in Table 1 are in excellent agree- 
ment with Eq. [18] for the TE cavity (calculated (S/So)//, k 
34 - (4.9)" 1 s= 6.9, observed is 7.0), agreement is also good for 
TM/perpendicular (calculated {S/So) Hi k 64 * (7-4)" 1 = 8.7, 
observed is 9-8), and for the TM/parallel (calculated (5/5o)//, 
is 56-(7) _1 = 8.0, observed is 8.5). The small deviations are 
probably due to the 1-dB precision of the power setting, which 



limits the ability to achieve precisely the same H% for different 
C values, to nonuniform Hi over the finite length of the sample, 
and/or to imprecise positioning of the sample in the center of 
the cavity. 

The observed dramatic improvement of H } and signal inten- 
sity at the sample shows that there is a strong distributed coupling 
(5) between the insert and the cavity. In the frequency range from 
9. 1 to 9.9 GHz, only one resonance is observed, continuing the 
strong coupling of the insert to the cavity. 

In the presence of the insert, there are two sharp minima of 
signal intensity in Figs. 3-5. For the TE cavity, the distance 
between these minima is 3.9 mm, which is in good agreement 
with the length of the resonator, as calculated from the solid 
cylindrical resonator model (3.85 mm). In a cylindrical insert 
the microwave magnetic field measured along the axis should 
have a maximum value in the center and minimum values at the 
ends, reflecting the boundary conditions. Thus the minima of 
signal intensity can be explained as nodes of a standing wave 
formed in the insert This agreement between the model of a 
solid cylindrical resonator of KTa0 3 and the real cylindrical 
insert, which has an axial hole, confirms that the hole does not 
change the resonance conditions of the insert in cavity very 
much. 

Performance of a Cavity with the Insert 
vs a Loop-Gap Resonator 

The strengths of a LGR are a much greater filling factor tj 
and much higher C 0 (Le., //i/P 1/2 ), compared with those of a 
cavity. The LGR increases //, by a factor of 8.2 compared to- 
a cavity for the same incident power (3). For a l-/xL sample in 
a capillary with 0.6 mm ID, the filling factor n is about 0.29 
in a LGR (20), compared with 2 x 10~* in a TE J02 cavity (/). 
This high value of the filling factor more than compensates for 
the low-quality factor Q of the LGR (600-800, compared with 
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